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In three experiments, the processing of lexical tone in Cantonese was examined. Cantonese listen­
ers more often accepted a nonword as a word when the only difference between the nonword and the 
word was in tone, especially when the FO onset difference between correct and erroneous tone was 
small. Same-different judgments by these listeners were also slower and less accurate when the only 
difference between two syllables was in tone, and this was true whether the FO onset difference be­
tween the two tones was large or small. Listeners with no knowledge of Cantonese produced essen­
tially the same same-different judgment pattem as that produced by the native listeners, suggesting 
that the results display the effects of simple perceptual processing rather than of linguistic knowledge. 
It is argued that the processing of lexical tone distinctions may be slowed, relative to the processing of 
segmental distinctions, and that, in speeded-response tasks, tone is thus more likely to be misprocessed 
than is segmental structure.
Sounds produced by the human voice vary along mul­
tiple dimensions. Languages use these dimensions in dif­
ferent ways to distinguish utterances. In particular, there 
are wide differences from one language to another in the 
“suprasegmental,” or prosodic, features: variations in fun­
damental frequency, amplitude, and duration, which are 
not a function o f  intrinsic characteristics o f  phonetic seg­
ments. Lexical stress and lexical tone are the two princi­
pal methods by which languages use prosodic features to 
distinguish one word from another.
In tone languages, a lexically distinctive function is 
served by the fundamental frequency (FO) level or con­
tour realized on a syllable. Thus, the Cantonese consonant- 
vowel (CV) sequence [si] with the high falling Tone 1 
means  "p o em ,” with the middle  r ising Tone 2 means 
“history,” with a low-level Tone 6 means “ time,” and so 
on. (There are six tones in Cantonese, o f  which three have 
additional abbreviated versions realized only on short 
syllables with a voiceless stop coda.)
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In stress languages, stressed syllables may be distin­
guished from unstressed syllables in duration, amplitude, 
FO movement, and segmental structure. In many stress 
languages, stress position within the word is fixed, and, 
hence, stress is not lexically distinctive. Where stress is 
lexically distinctive, such as in English, Dutch, and Rus­
sian, it is only infrequently the case that the prosodic fea­
tures alone accomplish the lexical distinction. Thus, in 
English, the distinction between SUBject and suhJECT  
(uppercase representing a stressed syllable) or between 
CONtents and conTENTS  involves vowel differences in 
the initial syllable, as well as prosodic intersyllable differ­
ences. Pairs such as FORbear  and for BEAR  or FOREgo- 
ing and forGOing, in which the vowels do not differ across 
stress versions, are rare.
Both tone and stress are realized principally on the por­
tion o f  a syllable that most readily allows variation in FO, 
amplitude, and duration— namely, on the quasi-steady- 
state portion, the vocalic nucleus o f  the syllable. Percep­
tion o f  the prosodic features is closely involved with per­
ception o f  the vowel on which they are realized.
The perceptual question with which the present study 
is concerned is the processing o f  tonal and segmental in­
formation in the recognition o f  spoken Cantonese. This 
is related to the important theoretical question o f  the role 
o f  prosodic features in word recognition. The recognition 
o f  spoken words is, above all, a very efficient process. 
Longer words can often be effectively recognized before 
their ends (Marslen-Wilson & Welsh, 1978), and coar- 
ticulatory information in one segment can be used to pre­
dict a following segment (e.g., listeners can tell that they 
are hearing can and not cat in the vowel, before the final 
segment has begun; Ellis, Derbyshire, & Joseph, 1971).
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In English, the experimental evidence suggests that—  
possibly for the very reason that maximum efficiency is 
aimed for— prosodic stress information is not exploited 
prelexically. That is, the process o f  lexical access (achiev­
ing contact with an entry or entries in the mental lexicon ) 
operates without the use o f  purely prosodic information. 
For instance, word recognition cannot be facilitated by 
prior information about stress pattern (Cutler & Clifton, 
1984). And listeners who hear either FORbear or for- 
BEAR in a sentence show speeded recognition o f  words 
related to either o f  them (i.e., either ancestor or tolerate; 
Cutler, 1986), suggesting that both the lexical entry for 
FORbear and the lexical entry fox fo r  BEAR have been 
activated by the input, in just  the same way as the lexical 
entries for a homophone such as sale/sail are both acti­
vated when either one is heard (Swinney, 1979).
Cutler ( 1986) argued that recognition efficiency in En­
glish could be served by omitting prosodic information 
from the prelexical access code because, in the case o f  
stress information, the prosodic information is relative: 
Stressed syllables do not have an absolute level o f  dura­
tion, amplitude, or pitch movement but rather have just 
more o f  each than unstressed syllables do. Thus, hearing 
an initial syllable for-  is not necessarily sufficient to in­
form the listener whether or not that syllable bears pri­
mary stress; unambiguous recognition is only possible 
once the second syllable has arrived. Thus, if  listeners 
were to base their access o f  lexical entries on prosodic 
information in words such as FORbearIJorBEAR, they 
would have to delay initiation o f  the lexical access pro­
cedure until information about the word s second sylla­
ble had arrived, and this delay would be inconsistent 
with maximum efficiency.
In fact, because  m in im al  pairs such as FORbear/ 
forBEAR  are very rare, and because most pairs o f  words 
that vary in stress also vary in segmental structure, the 
omission o f  prosodic information from the lexical access 
code in English  would  carry  rem arkab ly  little cost. 
Specifically, the language would have a few more hom o­
phones; FORbear/forBEAR and its dozen or so fellow 
minimal stress pairs would join the huge set o f  existing 
homophones such as sale/sail. For the recognition o f  most 
words, segmental information w'ould suffice to compute 
a unique code for accessing the appropriate lexical entry. 
Indeed, studies o f  the effects o f  mis-stressing on word rec­
ognition in English suggest that listeners are more sensi­
tive to changes in vowels than to changes in stress pattern 
per se. Thus in “elliptic speech” (speech in which certain 
speech sounds are systematically distorted), the distortion 
that most disrupts w'ord recognition is alteration o f  vow­
els in stressed syllables (Bond, 1981); word recognition 
is slowed to a far greater extent by mis-stressing that in­
volves changing vowel quality (e.g., wallET, DEceit) than 
by mis-stressing that involves no vowel quality change 
(e.g., nutMEG , TYphoon\ Cutler & Clifton, 1984). Rec­
ognition o f  noise-masked words is not significantly af­
fected by mis-stressing as long as vowel quality is unal­
tered (Slowiaczek, 1990). Furthermore, English language 
users appear to prefer to categorize vowels along a vowel 
quality dimension (full vs. reduced) over a prosodic di­
mension (stressed vs. unstressed; Fear, Cutler, & Butter­
field, 1995).
In a tone language such as Cantonese, however, tonal 
distinctions between words are pervasive. The situation 
o f  the English listener, who can afford simply to ignore 
prosodic information in computing the prelexical access 
code, in no way resembles that o f  the Cantonese listener, 
for w'hom prosodic information is constantly decisive in 
word identification. There is, in fact, very little experi­
mental evidence as yet available on how lexical tone in­
formation is processed in spoken-word recognition. There 
is, o f  course, clear evidence from standard w'ord recog­
nition paradigms that listeners use tonal information to 
determine word identity. Fox and Unkefer (1985) con­
ducted a categorization experiment in which a contin­
uum was constructed varying from one tone o f  Mandarin 
to another. The crossover point at which listeners switched 
from reporting one tone to reporting the other shifted as 
a function o f  whether the CV syllable upon which the 
tone was realized formed a real word when combined only 
with one tone or only with the other tone (in comparison 
with control conditions in which both tones, or neither 
tone, formed a real word in combination with the CV). 
This effect o f  word/nonw'ord status also appears  with 
ambiguous consonants (e.g., a continuum from [d] to [t]) 
in CVC syllables, both in word-initial position (Ganong, 
1980) and word-f inal  posit ion (M cQ ueen ,  1991). In­
deed, it also appears when the manipulation determining 
word versus nonword status is stress pattern ( Tigress vs. 
cliGRESS; Connine, Clifton, & Cutler, 1987). Given the 
evidence cited above that lexical stress information is not 
used prelexically. Fox and U n k e fe r ’s result cannot be 
considered evidence o f  precisely how’ tone information 
is processed.
Nevertheless,  there are some intriguing suggestions 
that the processing o f  tonal information may cause the 
listener more difficulties than may the processing o f  seg­
mental information. All o f  these, as it happens, come from 
studies with Chinese languages. For instance, in a study by 
Tsang and Hoosain ( 1979), Cantonese subjects heard sen­
tences presented at a fast rate and were required to choose 
between two transcriptions o f  what they had heard; the 
transcriptions differed only in one character, represent­
ing a single difference o f  one sy llab les  tone, vowel, or 
tone+ vowel. Accuracy was significantly greater for vowel 
differences than for tone differences, and tone+ vowel dif­
ferences were not significantly more accurately distin­
guished than were vowel differences alone. Taft and Chen 
( 1992) found that homophone judgments for written char­
acters in Mandarin were made less rapidly and less ac ­
curately when the pronunciation o f  the two characters 
differed only in tone, as opposed to in vowel; the response 
time difference (though not the accuracy difference) was 
replicated in a second experiment in Cantonese. Repp and
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Lin (1990) asked Mandarin listeners to categorize non­
word CV syllables according to consonant, vowel, or tone; 
the tonal categorizations were made less rapidly than were 
the segmental decisions. All o f  these results might be re­
garded as unexpected, given how important tone infor­
mation is for lexical identification in Chinese languages. 
(Note that Repp and Lin, in fact, argue that the tonal de­
cisions in their experiment could not be made as rapidly 
as the segmental decisions because o f  the way their syn­
thetic materials were constructed; but it is an interesting 
question w hether  the materia ls  could have been co n ­
structed in a way in which both kinds o f  decision could 
have been equally rapid.)
The phonetic literature does contain a number o f  stud­
ies on the processing o f  cues to tone identification in Chi­
nese. Lin and Repp ( 1989), for example, report that iden­
tification o f  Taiwanese tones is based almost solely on 
the processing o f  FO (height and movement), although 
there are, in Taiwanese (as in Cantonese; Kong, 1987), 
correlations between tone and syllable duration. Gan- 
dour (1981) similarly claims that three dimensions o f  FO 
are involved in tone identification in Cantonese: FO con­
tour, direction, and height. However, W halen and Xu 
( 1992), in a study o f  Mandarin, found that amplitude in­
formation could be exploited for tone identification when 
FO information was removed (only the relatively similar 
Mandarin Tones 2 and 3 proved difficult to discriminate 
in this way). In fact, Shen and Lin (1991) studied M an­
darin Tones 2 and 3, both o f  which end in a rise, and re­
port that they are distinguished by the timing o f  the FO 
turning point within the syllable. Thus, it is clear that tone 
identification in Chinese languages normally involves 
the processing o f  FO, and it is possible that the process­
ing may involve more than one dimension. The processing 
o f  tone, it is clear, is certainly no less complex than the pro­
cessing o f  segmental information.
In the present study, we used speeded-response tasks 
to undertake a direct comparison o f  the perceptual pro­
cessing o f  tonal versus segmental information in Canton­
ese syllables. Our initial experiment employed one o f  the 
s implest  spoken-word  recognition tasks: lexical dec i­
sion. Listeners were asked to judge  whether or not a spo­
ken disyllable was a real word o f  Cantonese. The crucial 
items were, however, nonwords (i.e., items that required 
a “no” response in this task). These items were constructed 
from real Cantonese words by making some alteration in 
each case in the second syllable: the onset o f  the second 
syllable, its rime, its tone, or any combination o f  these 
elements could be altered. If, as the evidence from the 
experiments o fT san g  and Hoosain ( 1979), Taft and Chen 
( 1992) and Repp and Lin ( 1990) suggests, listeners pro­
cess tonal information less rapidly or less accurately than 
segmental information, then we would expect that non­
words that differ only in tone from a real word would be 
more likely to elicit a false-positive “yes” response or 
would be slower to elicit a correct rejection than would 
non words that differ from real words in some aspect o f  
their segmental structure.
EXPERIMENT 1 
Method
Materials. Twelve sets o f  eight disyllabic items were used as the 
m ain  s t imuli  in the exper im en t .  T h ey  are l is ted in A p p e n d ix  A. 
Each set o f  items was fo rm ed by using one disyllabic word to g e n ­
erate seven disyllabic nonwords.  This  was done by systematical ly  
v a ry in g  the sy l lab ic  c o m p o n e n t s  o f  one sy l lab le  o f  the o r ig ina l  
word. Syllables in C an tonese  are traditionally  described  as having 
tw'o parts: initials and finals, co r respond ing  to the linguistic c o n ­
structs  onset and rime. O nsets  may be null or may be s ingle ton c o n ­
sonants.  R imes may be V, VV, or V C  (where  C can only be a nasal 
or a voiceless  stop). We varied the three com ponen ts  onset,  vowel, 
and tone o f  the second  syllable o f  the original word, such that the 
second  syllable o f  the result ing items differed from that o f  the o r ig ­
inal word in one or m ore  o f  these com ponen ts  (in fact, in 11 o f  12 
cases, the r ime d ifference was a vowel difference; in the rem ain ing  
item set— Item 9 in A ppend ix  A — the rime difference was in the 
sy llabic  coda.) .  Table 1 i l lustrates the results  for one  such set o f  
words. All the m od if ied  second  syllables were exist ing syllables in 
Can tonese ,  but none could go with the first syllable to form a d i­
syllabic  word.
These  stimuli were formed into four blocks o f  42 items each. Each 
block o f  stimuli was genera ted  using three sets o f  d isyllabic  items 
( including 3 disyllabic  words and 21 disyllabic  nonwords) .  To even 
up the n u m b er  o f  word and non word items, each o f  the 3 words w'as 
repeated seven times, so that there were 21 word items in each block.
Finally, a further set o f  14 disyllabic  i tems— 7 words and 7 non- 
w'ords— was cons truc ted  for use as practice  stimuli.  All d isyllables  
were recorded by a female  native speaker  o f  Cantonese .  T hey  were 
d igit ized with a sam pling  rate o f  22 kH Z  using the SoundE dit  p ro ­
gram  and stored on a M acin tosh  lisi computer .
Each disyllable was spoken naturally in the recording, rather than 
being com bined  from tokens o f  the individual com ponen t  syllables. 
Such art if ic ia l ly  p roduced  com bina t ions  w ould  not sound  like na t­
urally spoken words (even in the case o f  the real words),  and this 
could lead to a change in the subjects’ lexical decision criterion. H ow ­
ever, it was necessa ry  to ensure  that the segm enta l  and tonal p ro p ­
er t ies  o f  the n o n w o rd  d isy l lab les  were  indeed  pe rcep t ib le  as in ­
tended. To ascer ta in  this, two control  pretests  were carr ied  out. In 
the first (s ingle-syllable  identif ica t ion) ,  the d isyllables  were edited 
into their individual co m p o n en t  syllables and presen ted  to 10 native 
speakers  o f  C an tonese ,  w ho  were asked  to write a c o r re sp o n d in g  
charac te r  (recall that all sy llables  w'ere exis t ing  syllables o f  the lan­
guage).  This  pretest has the advan tage  that it is a concep tua l ly  s im ­
ple task for C an tonese  listeners; but it has the d isadvan tage  that the 
ed i ted  syllables  will have suffered  a loss in naturalness ,  which  is 
likely to lead to errors  ( in particular ,  for the initial syllables;  second  
syllables should  suffer  less since they will be slightly longer  due to 
final leng then ing  effects).  Accordingly ,  in a second  pretest  (d isy l­
lable recognit ion) ,  the d isy llables  were p resen ted  to 10 native lis­
teners,  w ho  were asked  to listen to each  spoken  item, decide  what 
they had heard, and then ju d g e  w h e th e r  their  percept m a tched  the 
sound  o f  two charac ters  p resen ted  subsequen t ly  on cards.
Table 1
Sam ple Stimuli Used in Experim ent 1
Mismatch Example Correct Response
None /bok8-si6/ word
Tone /bok8-si2/ non word
Vowel /bok8-sy6/ nonword
Vo we 1-tone /bok8-sy2/ nonword
Onset /bok8-j i6/ non word
Onset- tone /bok8-ji2/ non word
Onset-vowel /bok8-jy6/ non word
Onset-vowel- tone /bok8-jy2/ nonword
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Tabic 2 presents  the results o f  the pretests. In the single-syllable  
identif ication test, each charac ter  written by the subjects  was c o m ­
pared with the spoken item on onset,  vowel, and tone. The overall 
perccnt correct  for first syllables was 68 .3%  and for second  sy l la ­
bles 75.8%. In second  syllables, the m ean  percent correct  for onset 
was 89.4% , for vowel 9 3 .5 %  and for tone 89 .5% ; an analys is  o f  
variance (ANOVA) across items showed no s ign if ican t  difference 
be tw een  these  three  p roper t ie s  [F (2 ,1 7 6 )  < 1]. In the d isy l lab le  
recognit ion  test, the m ean  percent  correct  was 82% ; an ANOVA 
across  i tems showed no s ign if ican t  d ifference between the seven 
conditions [/r (6,54) =  1.44]. We concludcd that the items were per­
ceptible as intended and, importantly, that there was no a sym m etry  
in the respect ive  percep t ib i l i ty  o f  the onsets ,  vowels,  and  tones.
Subjects. Sixteen subjects  were recruited from the in troductory  
psychology  subject pool at the Chinese  Universi ty  o f  H ong  Kong. 
All subjects  were native speakers  o f  Cantonese ,  and none reported  
a history o f  hearing loss or  speech disorder. N one  had taken part in 
either control pretest.
P ro ced u re . T h e  su b je c ts  w'ere te s ted  in d iv id u a l ly  in a qu ie t  
room. They  heard the stimuli at a com fortab le  level through Sound 
M D -802A  headphones .  They  were asked to ju d g e  w he ther  or not 
each presented disyllabic was a legal word by pressing one o f  two 
keys on the keyboard o f  a M acin tosh  com pu te r  and to respond as 
quickly and accurately  as possible.
The experim ent  included a practice session followed by four ex ­
perimental sessions. The practice session consis ted  o f  14 trials, and 
each experimental  session involved 42 trials. Each trial started with 
the presentation o f  a short (300-m sec)  w arn ing  tone followed by a 
400-m sec  pause. Im m ediate ly  after the pause, a d isyllabic  item was 
presented. The subjects  were allowed 2 sec to respond after the p re ­
sentation o f  each item. A new trial would start at the end o f  this pe ­
riod, unless the subject m ade  a response  w ith in  this period; in the 
latter case, a new trial w ould  start a f ter  a pos t re sponse  pause  o f
1 sec. The order  o f  the four experim enta l  sessions was coun te rba l­
anced across  subjects.  However, the order o f  presentation for the 
trials with in  each sess ion  was ran d o m ized  for each  subject .  The  
whole  exper im ent  lasted about 30 min. T im ing  and response  co l ­
lection was under  the control o f  the M acin tosh  Usi co m p u te r  ru n ­
ning the Psyscope experim enta l  control program.
Results and Discussion
Mean response times (RTs), measured from item off­
set, and mean error frequencies in each condition were 
calculated for each subject and for each item, and both RT 
and error measures were subjected to separate ANOVAs 
with subjects and items as random factors. We, in fact, car­
ried out all analyses in two versions, one including all 
items sets and another omitting Item Set 9. The pattern 
o f  results was identical in both versions, and we will re­
port only the analysis across all items. We will further 
report only results that were significant in both subjects
and items analyses. For the RT analyses, missing data 
points were replaced by the mean for that subject or that 
item in the relevant condition.
As expected, “yes” responses (mean RT = 257 msec) 
were significantly faster than “no" responses (mean RT
=  435 msec) [ F l ( l , 1 5 )  =  29.37,/? < .001; F 2 ( l ,  11) =  
119.12,/ ;  < .001]. The overall mean error rate was not 
high (6.8%) and did not differ significantly between “yes” 
(6.3%) and “no” (7.3%) responses (both Fs < 1).
The mean RTs and error rates for each o f  the seven 
mismatch conditions are shown in Table 3. Since the re­
sults o f  interest here concern these seven conditions, all 
further analyses omitted the real-word items.
An overall ANOVA revealed no significant effect in 
the RTs but did reveal a significant difference between 
the seven mismatch conditions in error rate [FI (6,90) =  
5.13,/;  < .001; F 2(6,66) =  2.41,/? < .04]. We conducted 
multiple post hoc comparisons on each possible pairing 
o f  conditions to examine the components o f  this signif­
icant main effect, computing the Studentized range sta­
tistic q for each comparison. A conventional way o f  pre­
senting the results o f  such multiple comparisons (Winer, 
1972, p. 84) is to list the values in ranked order and draw 
an association line under any set o f  values between which 
there are no statistically significant differences. Such a 
presentation is given in Table 4.
It can be seen that, when only tone differed, the error rate 
was higher than in any other condition. When only vowel 
differed, the error rate was higher than in any other con­
dition except tone. When both onset and tone differed, the 
error rate was lower than in any other condition. The re­
maining four conditions were statistically indistinguishable.
Thus, the results o f  Experiment 1 did indeed show a 
difference between the dimensions along which a nonword 
can deviate from a real word. There was no difference in 
the speed with which the nonwords could be correctly re­
jected (which is difficult to interpret since the extensive 
homophony o f  the syllables made it impossible to con­
trol the degree to which the disyllabic nonwords over­
lapped with real words and, hence, the number o f  poten­
tial com peti to rs  that might have been activated);  but 
there was a difference in the probability that nonwords 
would be erroneously accepted as a real word. We can­
not offer an explanation for the low error rate in the onset-  
tone condition (especially, why it should be lower than in 
the onse t-vow el- tone  condition). But, otherwise, the re-
Table 2
Percent Correct Responses in Pretests o f  Experim ent 1, 
Separately for Items Presented in Each o f  the Seven M ism atch Conditions
Initial Final Syllable, Mismatching in:
Match on: Syllable Onset Vowe 1 Tone Onset-Vowel Onset-Tone Vowel-Tone Onset-Vowel-Tone
Onset 93.7 85.4 93.7
Single-Syllable Identification
94.4 80.6 88.9 88.9 93.7
Vowe 1 81.9 92.4 94.4 90.3 93.7 93.1 97.2 93.7
Tone 88.9 93.1 91.7 91.7 88.9 88.2 84.0 88.9
M 68.3 75.0 80.8 81.7 64.2 72.5 76.7 80.0
80.8 89.2
Disyllabic Recognition 
85.0 80.0 79.2 79.2 80.8
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Table 3
Mean Rl's (in M illiseconds) and Mean Error Rates (%) 
for Each o f the Seven M ism atch Conditions  
o f  Experim ent 1 (Cantonese Listeners)
Mismatch RT Error
Onset 446 6.8
Vowel 410 9.4
Tone 427 15.1
Onset-vowel 443 6.3
Onset-tone 434 2.1
Vowel-tone 425 6.3
Onset-vowel-tone 464 5.2
suits can be simply described: Two dimensions o f  differ­
ence from a real word (or one dimension if it is the syl­
lable onset) suffice to produce accurate rejection of  a non­
word. Either a vowel difference or a tone difference alone 
is more likely to be overlooked and result in a nonword 
being erroneously accepted as a real word; a tone difference 
alone is significantly more likely to be overlooked than is 
a vowel difference alone.
The tendency o f  listeners to overlook a vowel difference 
is interestingly consistent with recent results from other 
studies in different languages using different m ethod­
ologies. In phoneme-monitoring experiments in English 
and Spanish, Cutler, van Ooijen, Norris, and Sanchez- 
Casas ( 1996) found that vowel targets were detected with 
relatively low accuracy. English listeners also found it 
easier to detect consonant targets than to detect vowel 
targets in Japanese  despite  the fact that the Japanese  
vowel repertoire is small and relatively distinct (Cutler & 
Otake, 1994). Van Ooijen ( 1994, 1996) further found that, 
when listeners were presented with mispronounced words 
and asked to restore them to their correctly pronounced 
form, they found it much easier to alter vowels than to alter 
consonants. (One way in which this asymmetry manifested 
itself was in the relative speed o f  vowel versus consonant 
changes: Given the input shevel and instructed to turn it 
into a real word by changing only one sound, listeners 
more rapidly found a word via a vowel change [shovel] 
than via a consonant change [level]. Another was in the 
relative accessibility o f  each type o f  change: Listeners 
were more likely to make an erroneous vowel change when 
instructed to make a consonant change than vice versa.) 
Thus, in a word recognition task, listeners are apparently 
ready to treat vow'els as inherently more mutable objects 
than consonants. Cutler et al. ( 1996) argued that listeners' 
speech processing procedures, in fact, are adjusted to take 
explicit account o f  the intrinsic variability with which 
vowel tokens are realized in natural speech. The present 
finding o f  a significantly higher error rate when only a
vowel was altered than when the onset or any combination 
o f  dimensions was altered is consistent with this claim that 
listeners treat vowels as potentially unreliable evidence.
Most interesting for the present question of  interest, how­
ever, is the finding that a tone difference alone produced 
an error rate significantly higher than did a vowel differ­
ence alone. A subsequent analysis o f  the error data also 
showed a similar difference between vowel and tone ma­
nipulations. In this analysis, we attempted to assess the 
statistical significance o f  the effects o f  altering each o f  the 
three dimensions separately. To do this, we conducted 
i tests on responses collapsed across the three conditions 
for each dimension in which that dimension was the same 
for each pair versus those collapsed across the three com­
parable conditions in which it was different. Thus, to as­
sess the effect o f  onset difference, we compared responses 
in the vowel, tone, and vowel-tone conditions (in all o f  
which onset was the same in the two syllables) with re­
sponses in the onset-vowel, onset-tone, and onset-vowel-  
tone conditions, which differed from the first three just 
in adding in each case the onset difference. (Note that 
the onset condition alone cannot be included, since the 
condition from which its stimuli differ minimally is the 
base real word!) This analysis revealed that the subjects 
were significantly more likely to make an error (false- 
positive response) when onset was the same than when 
onset was different [ / I (15) =  4.88, p < .001; / 2 ( 1 1) =  
2.27, p < .05].
To assess the effect o f  vowel difference, we similarly 
compared onset, tone, and onset- tone with onset-vowel, 
vowel-tone, and onset-vowel- tone.  This comparison re­
vealed that it was, in fact, not significantly more likely 
that the subjects would err when vowel was the same 
than when vowel was different (t\ and 12 were both non­
significant). However, the comparison to assess the ef­
fect o f  tone difference, between onset, vowel, and onse t-  
vowel, on the one hand, and onset-tone, vowel-tone, and 
onse t-vow el-  tone, on the other, showed that it was again 
more likely that an error would result when tone was the 
same than when tone was different [/I (15) =  2 .8 7 ,p < .0 2 ;  
/ 2( 11 ) =  2.55, p < .03].
This pattern o f  results suggests that the listeners were 
indeed paying attention to the tone and, in fact, that tone 
alteration was capable o f  exercising a more consistent ef­
fect than was vowel alteration. Why then was the error 
rate in general so high in the condition in which only tone 
was altered, even in comparison with the condition in 
which only vowel was altered? We decided to examine 
the effects o f  manipulating tone more closely by con­
ducting a further analysis in which we took into account 
the nature o f  the tone difference. Recall that Cantonese
Table 4
Significant Differences Between C onditions in 
M ultiple Intercondition C om parisons in Experim ent 1 (C antonese Listeners)
Mismatch
Tone Vowel Onset Vowel-Tone Onset-Vowel Onset-Vowel-Tone Onset-Tone
Note— Conditions linked by an association line do not differ statistically. Conditions not linked by an 
association line are significantly different at, at least, the .05 level.
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has six lexical tones. Figure 1, a reanalysis o f  production 
data for a single male speaker and a single female speaker 
from Fok ( 1974) reproduced from Gandour ( 1983 ), shows 
that these tones are not highly distinct. Most distinct from 
the other tones is Tone 1, which begins high and falls; the 
other five tones each have their onset at a similar point 
on the FO scale. We did not control which tone differences 
we used in our materials, since we were constrained by 
the need to choose possible syllables that in combination 
made nonexisting words. However, as it happened, some 
o f  our tone differences involved Tone 1 against other tones 
(eight items), whereas some involved two less distinct 
tones (four items). We predicted that the error rate in the 
tone condition would be higher for the latter (hard) group 
o f  items than for the former (easy) group. An unequal-/V 
ANOVA across items revealed that the easy-hard  com ­
parison interacted significantly with the seven-w'ay non- 
word condition factor [F2(6,60) =  3 .72 , p < .005]. In six 
o f  the conditions, the mean error rate for the easy items 
versus the hard items varied very little (from 4% to less 
than 1%), but, in the tone condition, there was a very 
large difference: the mean error rates for the hard and 
easy items were 31.4% and 7.1 %, respectively.
This suggests that some tone distinctions simply can­
not be made in the earliest portions o f  a syllable. In a 
speeded-response task such as auditory lexical decision, 
the pressure to respond quickly may encourage listeners 
to issue their response before the distinguishing tonal in­
formation has actually had time to arrive. Evidence from 
a study o f  Thai tonal contrasts by Burnham, Kirkwood, 
Luksaneeyanawin,  and Pansottee (1992) is consistent 
with this suggestion; the order o f  difficulty o f  paired Thai
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Figure 1. The six tones o f  C antonese, spoken by a male (A) and  
a fem ale (B) speaker. T he data are from Fok (1974) as redrawn  
by G andour (1983). From “Tone Perception in Far Eastern Lan­
guages,” by J. G andour, 1983, Journal o f  Phonetics, 11, p. 152. 
Copyright 1983 by A cadem ic Press. Reprinted with permission.
Speaker A
Speaker B
tones as judged  by English listeners in a same-different 
judgm ent task was determined by the nominal starting 
pitch o f  the tones. When the starting pitch was similar, 
these l is teners’ accuracy was little better than chance, 
whereas, for pairs o f  tones with very different starting 
pitch, accuracy was as high as 94%. We therefore decided 
in our next experiment to move to a s impler task that 
would allow us to assess the order in which perceptual in­
formation becomes available to listeners and the relative 
speed with which a fairly distinct and a fairly nondistinct 
tonal difference can be perceived. The task we chose was 
that used by B urnham  et al. (1992)— namely, sam e-  
different judgment, which in principle requires no linguis­
tic processing at all and certainly requires no lexical ac­
cess. We asked listeners to judge, as rapidly as possible, 
whether two auditorily presented open syllables were the 
same or different. When they were different, the differ­
ence could be in any one o f  the three dimensions o f  the 
syllable (consonant, vowel, or tone) or any combination 
o f  these. Our materials contained two tonal distinctions. 
Both were between a falling tone and a rising tone, so 
that the syllables as a whole should be clearly distinct; 
but the two pairs differed in how far apart on the F 0 scale 
the tones were initiated. One comparison, between Tones
1 (high falling) and 2 (middle rising), we predict to be an 
easy distinction for listeners to make, since Tone 1 be­
gins at a much higher point than Tone 2 does. The other, 
between Tones 4 (low falling) and 5 (low rising), we pre­
dict to be harder, because the two tones begin at fairly 
similar points. In a speeded-response task, listeners will 
be more likely to overlook a difference that is not im m e­
diately available.
EXPERIMENT 2 
Method
Materials. Two sets o f  8 real-word  syllables  (C an tonese  sy l la ­
bles with co r re sp o n d in g  C h inese  charac ters)  and two sets o f  8 n o n ­
w ord  sy l la b le s  ( legal but n o n o c c u r r in g  sy l lab le s  in C a n to n e s e )  
served  as stimuli (all are listed in A ppend ix  B). Only open syllables 
were used. Each set o f  word or nonw ord  syllables was cons truc ted  
by using two onsets,  two vowel rimes, and two tones to co m p o se  
eight possible com bina t ions .  In one each o f  the real-word  set and 
one each o f  the nonw ord  set, the two tones were Tones 1 and 2 (the 
easy  dist inctions);  in the rem ain ing  sets, the two tones  were Tones
4 and 5 (the hard dist inctions).  The  chosen  segm enta l  contras ts  also 
differed in intrinsic difficulty. The  easy  tone dis t inction was rea l­
ized on the syllable pairs te-gy  (phonetica l ly  [ te],  [k y ] ) and  j i - s y  
(phonetica l ly  [ji], [sy] ); the onsets  o f  the first pair  are two voiceless  
stops, which (on the perceptual  confus ion  ev idence  for consonants ;  
see Miller  & Nicely, 1955; W ang & Bilger, 1973) should  be harder  
to distinguish than the onsets o f  the second pair, a glide and a strident 
fricative, whereas  the vowels o f  the first pair  involve a low-central  
u n ro u n d e d  versus  h igh - f ro n t  ro u n d ed  con tras t ,  w hich  sh o u ld  be 
eas ier  to d isc r im ina te  than the contrast  in the second  pair, between 
two h igh-front  vowels d iffer ing  only on roundedness  (note  that re l­
evant perceptual  confus ion  ev idence  for these vowels is not avail­
able in the literature, a l though s tudies  o f  A m er ican -E n g l ish  v o w ­
e ls— e.g., see Peterson  & Barney, 1952, and H i l lenb rand ,  Getty, 
C lark ,  & W heele r ,  1995— do sugges t  that the d im e n s io n s  b a c k -  
front, h igh- low , and ro u n d e d -u n ro u n d e d  de te rm ine  confus ion  be ­
tween vowels; the m ore  d im ens ions  o f  difference, the less likely two
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vowels arc to be confused).  The  hard tone distinction was realized 
on fou-koe  (phone t ica l ly  [fon], [k'cc]) and piu-lei (phonetica l ly  
[p‘iu], [ leiJ); the form er  onset  d is t inc tion ,  be tw een  a nonstr ident  
fricative and an aspira ted  stop, should be harder  to dis t inguish than 
the latter, be tween a stop and a lateral, whereas  the fo rm er  vowel 
distinction, between a back d iph thong  m oving  from mid to high and 
a low-central m onoph thong ,  should  be easier  to distinguish than the 
latter, between two d iph thongs  both beginning with front unrounded 
vowels, one high and the o ther  upper-m id ,  and both end ing  with 
high vowels.
T h e  32 re su l t in g  sy l lab le s  w ere  re c o rd e d  by a fem ale  native  
speaker  o f  C an tonese  in a quiet room. Each o f  the syllables was spo ­
ken several t imes at a com for tab le  rate. Because o f  the nature o f  the 
same-different ju d g m e n t  task, we w ished  to ensure  that there were 
no du ra t io n a l  d i f fe ren ces  b e tw een  i tem s that cou ld  result  in r e ­
sponses  being issued earl ier  in som e  pairs than in others; this could 
have arisen because  o f  corre la t ions  between tone and syllable d u ­
ration that can occur  in C antonese  (Kong, 1987). The  following pro­
cedure was adopted to control s timulus duration. One token o f  each 
item, o f  m axim ally  s imilar  duration ,  was chosen.  The  tokens were 
then edited, us ing  the SoundEdit  p rogram , to a constant  length o f  
about 795 m sec  by c o m p ress in g  or expand ing  the syllable. In no 
case did the durat ional  ad jus tm en t  result in a change  grea te r  than 
6 .25%  o f  the original duration. Care  was taken to ensure  that good 
aud ito ry  quali ty  o f  the result ing items was preserved  by presenting  
the stimuli at a rate o f  one item per 5 sec to a g roup  o f  5 pilot su b ­
jects ,  w ho  were asked to repeat the items they had jus t  heard. No 
subject had any d iff icu lty  with any o f  the 32 items in this pretest. 
An ANOVA carr ied  out on the m easu red  dura t ions  o f  the tokens 
used in the exper im en t  revealed no s ign if ican t  d ifference between 
tokens  as a func t ion  o f  any o f  the independen t  var iab les  ( w o r d -  
nonword  status, easy vs. hard tone dist inction, item identity) alone 
or in com bina t ion .  The  du ra t ions  o f  the syllabic  r imes (here, the 
vowel parts  o f  the syllables; m ean  duration =  688 m sec)  were sep ­
arately analyzed ,  and this analysis  s imilarly  revealed no s ign if ican t  
d ifferences  as a function o f  any o f  the independent  variables.
The  items were d ig it ized and stored in the sam e m an n e r  as for 
E xper im ent  I. Pitch analysis  o f  the syllables was carr ied  out using 
ESPS speech  analysis  software.  Pitch traces for all 32 syllables are 
shown in Figure 2. It can be seen that the point o f  FO onset for Tones
1 an d  2 ( the  e a sy  d i s t in c t io n )  d i f fe r s  by a p p r o x im a te ly  50 Hz, 
w hereas  the point o f  FO onset for Tones 4 and 5 (the hard d is t inc ­
tion) is c losely  com parab le .  The  word and nonw ord  syllables  were 
then used to assem ble  eight possible  types o f  syllable  pairs that in­
volved e i ther  two identical i tems or two items that differed in e ither  
one or more syllabic com ponen ts  (i.e., onset,  rime, tone), as illus­
trated in Tabic 5.
Each set o f  word or nonw ord  syllables could thus make up 64 dif­
ferent pairs (i.e., 8 identical and 56 different pairs). In o rder  to have 
equal num bers  o f  positive and negative trials, each pair o f  identica! 
syllables  was repeated  seven times. Consequently ,  for each set o f  
word or nonw ord  syllables,  56 positive pairs and 56 negative pairs 
were produced, for a total o f  112 pairs. These stimulus pairs were then 
d iv ided  into two blocks o f  56 pairs each (with 28 positive pairs and 
28 negative pairs in each  block), so that each  unique  pair  o f  identi­
cal sy llables  occu rred  three t im es  in one block and four t imes in a n ­
o ther  block, w hereas  each  pair  o f  different syllables appeared  only 
once in the two blocks. In addition, order was counterba lanced  across 
the two blocks, such that each individual syllable  occu r red  14 t imes 
in first posit ion  in a s t im ulus  pair  (7 t im es  in the positive pairs and
7 times in the negative pairs) and 14 t imes in second  position.
Subjects. Sixteen  subjec ts  were recru ited  from the sam e subject  
pool used in Experim ent  I . All fulfilled the sam e criteria as the su b ­
jec ts  o f  E xper im en t  1.
Procedure. T he  subjects  were tested individually in a quiet room. 
T h ey  hea rd  the s t im u l i ,  in pairs ,  at a c o m fo r ta b le  level th ro u g h  
Sound  M D -8 0 2 A  h eadphones .  All sub jec ts  heard  both b locks  o f  
st imuli  for all four s t im ulus  sets. T hey  were asked  to ju d g e  w he the r
or not the two syllables in each pair  were identical, by pressing one 
o f  two keys on the keyboard  o f  the M acintosh  com puter ,  and to re­
spond as quickly and accurately  as possible.
The  experim ent included a practice session and eight exper im en­
tal sessions. The  first session was always the practice session, which 
consis ted  o f  28 trials, with 14 identical and 14 different syllable 
pairs. H a lf  o f  the practice trials con ta ined  word syllables, and the 
o ther  h a l f  con ta ined  nonw ord  syllables,  but none co inc ided  with 
those used in the experimental  trials. The eight experimental  blocks, 
with 56 trials in each block, were made up o f  the word and nonword 
stimuli described  above. Thus,  four experim enta l  b locks contained  
word syllables, and the other  four contained  nonw ord  syllables. The 
order  o f  blocks was coun terba lanced  across subjects.  However, the 
order o f  presentation o f  trials within each block was random ized  for 
each subject individually. The  whole  exper im ent  lasted about 1 h.
Each trial started with the presentation o f  a short (300-msec) w arn­
ing tone ,  fo l low ed  by a 4 0 0 -m s e c  pause .  Im m e d ia te ly  a f te r  the 
pause, the first syllable was presented, lasting about 800 msec. At 
the acoustic  offset o f  the first syllable, a 250-m sec  pause followed. 
The  second syllable was then presented. The  subjects  were allowed
2 sec for response after the presentation o f  the second  syllable. A 
new trial began at the end o f  this period, unless the subject m ade  a 
response within this period. In the latter case, a new trial began after 
a pause o f  1 sec. T iming and response collection was controlled  as in 
Experim ent  1.
Results and Discussion
Mean RTs and mean error frequencies were calculated, 
missing data points replaced, and ANOVAs conducted in 
the same manner as for Experiment 1.
The mean RTs (from the onset o f  the second member 
o f  the pair) and error rates for the seven '‘different” con­
ditions are shown in Table 6, separately for the easy and 
hard tone comparisons. Overall ANOVAs first assessed 
the effects o f  the word-nonword and easy/hard manipu­
lations. RTs to word stimuli (mean RT =  856 msec) were 
faster than RTs to nonword stimuli (mean RT = 880 msec)
[ F K l , 15) =  4.92, p  < .05; F 2 ( l , 2 8 )  =  4.25, p < .05],
but this factor did not interact with any other factors in 
our analyses; there was no effect o f  this factor in the error 
rates. Since the real-word syllables were also the sylla­
bles with the more easily distinguishable onsets, this ef­
fect could represent either an effect o f  lexical status or an 
effect o f  onset discriminability, or both (see later discus­
sion); it is in the reverse direction for an effect o f  vowel 
discriminability.
The seven-way mismatch condition factor was signif­
icant in both RTs and error rates [RTs, ^1  (6,90) =  16.22, 
p  < .001, and F2(6 ,168)  =  30.37, p < .001; error rates, 
F I (6,90) =  3.08, p < .01, and F2(6 ,168)  =  18.67, p  < 
.001 ]. Responses to stimuli involving an easy tone discrim­
ination were significantly faster (mean RT = 820 msec) 
than responses to stimuli involving a hard tone discrimina­
tion (mean RT =  913 msec) [FI (1,15) =  65 .82 ,p<  .001, 
and F2( 1,28) =  86.37, p < .001 ], although there was no 
easy/hard difference in the error rates (mean error rates 
for easy and hard were 3.9% and 5%, respectively). More 
importantly, the easy/hard comparison interacted signif­
icantly in both RTs and error rates with the seven-way 
mismatch condition factor [RTs, F  1(6,90) =  6 .9 ,p  < .001, 
a n d F 2 (6 ,1 6 8 )  =  6 .5 8 ,p<  .001 ; error rates, F l ( 6 , 90) =  
3.37,/;  < .005, and F 2  (6,168) =  4.2, p < .001 ]. Thus, we
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Figure 2. ^ 0  traces for the 32 syllables used in Experim ents 2 and 3. T he vertical axis displays fundam ental frequency in 
hertz, and the horizontal axis displays tim e in m illiseconds. The upper eight panel pairs are real words, the lower eight are 
nonwords. Tone 1 versus Tone 2 com parisons have more widely separated starting frequencies and were, hence, designated easy 
com parisons. Tone 4 versus Tone 5 com parisons begin at a sim ilar frequency and were, hence, designated hard  com parisons.
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Table 5
Sam ple Stimuli Used in Experim ents 2 and 3
Mismatch Example Correct Response
None /ji l / - / j i  1/ same
Tone /ji l / - / j i2 / different
Vowel / j i l / - / j y l / different
Vowel-tone /ji 1 /—/jy2/ different
Onset /ji 1/-/SÌ1/ different
Onset-tone /ji 1/-/SÌ2/ different
Onset-vowel /j i 1 /—/sy 1 / different
Onset-vowel-tone /ji 1 /—/sy2/ different
conducted our further analyses on the entire materials set 
and separately for the easy and hard items.
The further analyses o f  the mismatch manipulation 
were in two parts. The first part consisted o f  multiple in­
dividual intercondition comparisons, in the same manner 
as for Experiment 1. The pattern o f  all intercondition com­
parisons (for RTs and for errors, overall and separately for 
the Easy and Hard tone comparison subsets) is sum m a­
rized in Table 7.
As Table 6 shows, the six conditions other than tone 
differed in their ordering; however, in every case, these 
six conditions did not differ statistically am ong them ­
selves, whereas the tone condition was always significantly 
different (slower RTs, higher error rates) from all other 
conditions. In other words, it was harder to decide that 
two syllables were different when the only difference be­
tween them was in their tone, and this was true whether the 
tone distinction was easy or hard for listeners to make.
Next, as for Experiment 1, we assessed the statistical 
significance o f  the effects o f  altering each o f  the three di­
mensions separately, by conducting analyses in which re­
sponses were collapsed across the three conditions for 
each dimension in which that dimension was the same 
for each pair versus the three comparable conditions in 
which it was different. Because the four item sets differed 
in onset d iscr iminabil i ty ,  vowel d iscriminabil i ty ,  and 
tone discriminability, we conducted these analyses sep­
arately for each item set. The comparison to assess the 
RT effect o f  onset difference revealed that “different” re­
sponses were significantly faster when onset differed than 
when onset was the same [/I (15) =  4 .4 9 ,p <  .001; /2(7) =  
7.21, p < .001 ; / tests across both subjects and trials were 
also separately significant forali four item sets]. The same 
com parison  for error  rates was marginally s ignif icant
[ / I ( 15) =  2.03, p < .06; /2(7)  =  5.02, p < .002; t tests 
across both subjects and trials were separately significant 
for two o f  the four item sets , fou-koe  and piu-lei\.
The comparison to assess the effect o f  vowel difference 
showed, similarly, that “ different” responses were sig­
nif icantly  faster when vowel was different than when 
vowel was the same [/1 ( 15) =  5.27,p  < .001; /2(7) =  8.15, 
p < .001; both subjects and items t tests were separately 
significant for the setsji-sy,fou-koe, a n d piu-lei). Further­
more, the same comparison for error rates was marginally 
s ign if ican t  [ƒ 1(15) =  1.82, p < .09; /2 (7 )  =  7.55, p < 
.001 ; here, / tests across both subjects and trials were sep­
arately significant only for piu-lei, whereas the trials t test 
was significant for te-gy and fou-koe).
The overall comparison to assess the effect o f  tone dif­
ference revealed no significant differences in either over­
all RT or error rate as a function o f  whether the tone was 
the same or different; t tests across both subjects and tri­
als revealed significantly faster RTs when tone was dif­
ferent than when tone was the same for the ji-sy  set only, 
and they revealed  no o ther  s ign if ican t  effects e i ther  
across subjects or across trials in RTs or in errors.
Thus, although the item sets differed in the relative 
discriminability o f  the onset contrast, this variation had 
little effect: The onset always contributed to the responses, 
as measured by either RTs or errors. Similarly, despite 
variability in the discriminability o f  the vowel contrast, 
the vowel also contributed in either RTs or errors for each 
item set. The tone contrast, however, made a noticeably 
smaller contribution (significant only in the case o f  the 
RTs to one easy tone pair).
In conclusion, then, this simple same-different ju d g ­
ment task has revealed that differences o f  tone— as the 
earlier experiments by Tsang and Hoosain (1979), and 
Taft and Chen ( 1992) indicated— have less robust effects 
on processing than do segmental differences. The effects 
o f  manipulating onset and vowel in our experiment were 
very similar. “ Different” responses were, overall, faster 
and more accurate when onset differed than when it did 
not and when vow'el differed than when it did not. In con­
trast, tone difference alone did not lead to an increase in 
speed or accuracy o f  response; instead, the reverse was 
true. When the subjects were presented with a pair o f  
syllables differing only in tone, their responses were slow, 
and they made a relatively high number o f  errors.
The effects on response accuracy have perhaps more far- 
reaching implications than do the effects on RT. An error 
in the tone condition consisted o f  the subject’s responding 
“same” when the stimuli, in fact, differed; the fact that the 
proportion o f  errors in this condition was the highest o f  all 
suggests that the listeners were sometimes simply not pro­
cessing the tonal information effectively. Nor was this only 
the case when the tone comparison was hard; in the easy 
subset, the error rate was highest in this condition.
Our interpretation would be that these results are evi­
dence o f  the limits o f  tone processing and are acoustic in
Table 6
M ean RTs (in M illiseconds) and M ean Error Rates (% ) 
for Each o f  the Seven M ism atch Conditions, 
Separately for the Easy and Hard Tonal C om parisons
in Experim ent 2 (C antonese Listeners)
Easy Hard
Mismatch RT Error RT Error
Onset 830 3.5 893 2.7
Vowel 844 3.1 899 3.9
Tone 864 8.2 1,062 16.8
Onset-vowel 798 2.7 869 2.7
Onset-tone 787 2.7 920 3.5
Vowel-tone 815 3.1 879 3.5
Onset-vowel- tone 800 3.5 868 2.0
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Significant Differences Between Conditions in All M ultiple Intercondition C om parisons
in Experim ent 2 (Cantonese Listeners)
Mismatch
Tone Vowel Onset Onset-Vowel Onset-Tone Vowel-Tone Onset-Vowel-Tonc
Note— Conditions linked by an association line do not differ statistically. Conditions not linked by an 
association line are significantly different at, at least, the .05 level.
Table 7
nature rather than linguistic. A simple way to test whether 
an effect in a language perception experiment is acoustic 
or linguiste in nature is to present the same input to lis­
teners who do not know the language in question (see Cut­
ler, Mehler, Norris, & Segui, 1987). Linguistic effects 
should disappear with such a subject population. Since 
initial auditory processing o f  acoustic stimuli should re­
flect characteristics o f  the human auditory system rather 
than effects o f  linguistic knowledge, however, it should 
be constant across listener groups, so that effects that are 
due to this level o f  processing should be maintained. In 
Experiment 3, therefore, we presented the materials o f  
Experiment 2 to listeners w'ho knew no Cantonese and 
were native speakers o f  Dutch.
EXPERIMENT 3
Method
Subjects. Seven teen  sub jec ts  w ere  rec ru i ted  from the sub jec t  
pool o f  the M ax Planck Institute for Psycholinguis t ics .  All subjects  
were undergradua te  s tudents  at N i jm egen  University  and were n a ­
tive speakers  o f  Dutch, and none had any know ledge  o f  Cantonese .  
N o subject  repor ted  a h is tory  o f  hear ing  loss or speech  disorder.
Materials and Procedure. The materia ls  were the sam e as those 
for E xper im en t  2. The  subjects  were tested in g roups  o f  up to 4 in 
a quiet room. Presentation and instructions were (except for the lan­
guage  o f  instruction)  as in E xper im en t  2. T im ing  and response  c o l ­
lection was under  the control o f  a H erm ac  PC runn ing  the N E S U  
experim enta l  control p rogram.
Results and Discussion
Mean RTs and mean error frequencies were calculated 
and analyzed as in Experim ent  2. The mean RTs and 
error rates for the seven mismatch conditions are shown 
in Table 8, separately for the easy and hard tone co m ­
parison subsets. The word-nonw'ord comparison was in­
significant in analyses o f  both RTs and error rates (all 
Fs < 1 ).
There was a main effect o f  mismatch conditions in both 
RTs and errors [for RTs, F I  (6,96) =  51.87,/? < .001, and 
F2(6 ,168)  =  34.25,/? < .001; for error rates, F I  (6,96) =  
29.86,/? < .001, and F2(6 ,168)  -  190.34, p  < .001 ]. Re­
sponses to easy stimuli were again significantly faster and 
more accurate than to hard stimuli [for RTs, F l (  1,16) =  
29.01, p  < .001, and / r 2( 1,28) =  32.25, p < .001; for 
error rates, F I  ( 1,16) =  42.5, p < .001, and F2(  1,28) =  
87.68,/? < .001]. Again, there was an interaction o f  the 
easy/hard factor with the seven-way mismatch factor [for 
RTs, F l ( 6 ,9 6 )  =  6.86,/? < .0 0 1 ,  and F2(6 ,168)  =  6.88, 
p <  .001; for error rates, F I  (6,96) =  31.68, /? < .001, and 
F 2 ( 6,168) =  1 19.1, p < .001]. As Table 8 shows, the
Dutch listeners found the hard discrimination in the tone- 
alone condition very difficult indeed.
Further analyses o f  the mismatch manipulation were 
conducted as for Experiments 1 and 2. Multiple inter­
condition comparisons to examine the significant effect 
o f  the seven-way mismatch factor revealed in this case 
different patterns for RTs and for errors and different 
patterns for the easy and hard tone comparison subsets. 
For errors, the overall pattern for these Dutch listeners 
was the same as for the Cantonese listeners o f  Experi­
ment 2 (i.e., the tone condition was significantly more 
error-prone than were any o f  the six other conditions, 
which did not differ s tatis t ically  am ong  themselves) .  
However, the easy and hard subsets differed. For the hard 
subset, the overall pattern o f  significance was repeated 
(despite some difference o f  ordering within the six statis­
tically equivalent conditions); however, in the easy sub­
set, there was no significant difference between any pair 
o f  the seven conditions. Thus, for Dutch listeners, the 
easy tone discrimination allowed a reduction in error rate 
for the condition in which only tone differed across the 
two syllables, such that this condition was not s ignif i­
cantly different from the other mismatch conditions.
In the RTs, the tone condition was again statistically 
different (slower RTs) from each o f  the other conditions, 
and, again, this was separately true for both the easy sub­
set and the hard subset. However, the other six conditions 
were not in this case statistically indistinguishable. The 
statistical patterns o f  association between conditions are 
shown in Table 9.
In the analyses collapsing across conditions in which 
a given co m p o n e n t  was the sam e versus  d ifferen t ,  it 
proved s ign if ican t ly  eas ie r  to m ake  a “ d i f fe ren t” r e ­
sponse when onset was different than when onset was the 
same [RTs, t\{ 16) =  9.97, p < .001, and /2(7) =  14.52,
Table 8
M ean RTs (in M illiseconds) and M ean Error Rates (% ) 
for Each o f  the Seven M ism atch C onditions, 
Separately for the Easy and Hard Tonal C om parisons
in Experim ent 3 (Dutch Listeners)
Mismatch
Easy Hard
RT Error RT Error
Onset 712 2.2 724 1.5
Vowel 729 3.3 761 0.7
Tone 845 7.4 1,008 49.6
Onset-vowel 665 1.1 681 1.5
Onset- tone 657 1.1 730 0.7
Vowel-tone 693 0.7 750 0.7
O nset-vow el- tone 659 1.5 703 0.4
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Table 9
Significant Differences Between Conditions in 
M ultiple Intercondition C om parisons in Experim ent 3 (Dutch Listeners)
Tone Vowel Onset
Errors, Overall and Hard Tone Contrasts 
Onset-Vowcl Onset-Tone Vowel-Tone Onset -Vowcl-Tone
Tone Vowel Vowel--Tone
RT, Overall
Onset Onset-Tone Onset-Vowel-Tone Onset-Vowel
Tone Vowel Onset Vowel-
RT, Easy Tone Contrasts 
-Tone Onset-Vowel Onset-Vowel-Tone Onset-Tone
Tone Vowel Vowel--Tone
RT, Hard Tone Contrasts 
Onset-Tone Onset Onset-Vowel-Tone Onset-Vowel
Note— Conditions linked by an association line do not differ statistically. Conditions not linked by an 
association line are significantly different at, at least, the .05 level.
p < .001; errors, /1 ( 16) =  5.63, p < .001, and /2(7) =  
9.5, p < .001]. As in Experiment 2, this effect was sepa­
rately significant across both subjects and trials in the 
RTs for each o f  the item sets and in errors for the sets fou- 
koe a n d piu-lei\ here, it was further significant across sub­
jects in the errors made to the remaining two item sets.
It was also significantly easier to make a “different” 
response when vowel was different than when vowel was 
the same [RTs, /1( 16) =  l . \2 ,p <  .001, and /2(7) =  16.11, 
p  < .001; errors, /1(16) =  5.64, p < .001, and /2(7)  =
11.33, p < .001]. This effect also was separately signifi­
cant across both subjects and trials in the RTs for each o f  
the item sets and in the errors for the three item sets fou- 
koe, piu-lei, and te-gy.
For the comparable analysis o f  tone effects, neither for 
RTs nor for errors did subjects or trials overall com par­
isons reach the .05 level o f  significance. The item set //- 
sy again produced significantly faster responses when 
tone differed than when tone was the same, in both sub­
jects and trials analyses, and this effect also appeared in 
RTs in subjects analyses only for te-gy and in errors in 
the trials analysis only for piu-lei.
One obvious, and perhaps unexpected, finding in Ex­
periment 3 is that the Dutch listeners in fact performed 
the judgm ent  task more rapidly than did the native C an­
tonese listeners o f  Experiment 2. An analysis combining 
the results o f  Experiments 2 and 3 revealed no s ignifi­
cant difference between the two subject groups in error 
rate but did reveal an RT advantage for the Dutch listen­
ers [ F i d , 31) =  5 .8 7 ,p <  .025; F 2 ( l ,2 8 )  =  4 2 6 .2 4 ,p <  
.001 ]. This could simply reflect the greater facility o f  the 
Dutch subject group (experienced members  o f  the MPI 
subject  pool) with RT exper im ents ;  or it could  result 
from the fact that, for the Dutch listeners, all the stimuli 
were nonsense items, which might have encouraged them 
to focus attention at a relatively low processing level. How­
ever, the most important feature o f  the results o f  Exper­
iment 3 is actually their broad similarity to the results o f  
Experiment 2. Just as the native Cantonese speakers had 
responded significantly less rapidly and significantly less 
accurately to the stimuli in which only tone differed than 
to any other set o f  stimuli, so too did the Dutch listeners.
For both subject groups, “different” responses were faster 
and more accurate when onset differed than when it did 
not and when vowel differed than when it did not. For 
neither subject group did the comparison o f  conditions 
in which tone was different with condit ions in which 
tone was the same produce any overall difference in RTs 
or error rates. Again, all item sets, regardless o f  the rel­
ative discriminability o f  the contrasts involved, showed 
clear effects o f  onset and vowel difference, whereas com ­
parable effects o f  Tone difference hardly ever appeared. 
A cross  the 48 separa te  such individual  com par isons  
(4 items sets X 3 dimensions [onset, vowel, tone] X  2 
dependent  variables [RTs, errors] X  2 random factors 
[subjects, trials]), 40 patterned the same in Experiment 3 
as in Experiment 2.
The subjects in Experiment 3 were not native speak­
ers o f  Cantonese; indeed, they knew nothing o f  this lan­
guage. Note that the one effect that appeared in Experi­
ment 2 but not in Experiment 3 was the main effect o f  the 
w o rd -n o n w o rd  com par ison  shown only by the native 
speaker subjects o f  Experiment 2. Although this effect 
could have been in terpreted as an effect o f  onset d is ­
criminability, the otherwise closely parallel results o f  the 
onset comparisons across the two experiments suggest 
that this a sy m m e try  is be t te r  a sc r ibed  to the lexical 
knowledge o f  the Cantonese listeners. No word recogni­
tion was, in fact, required in the same-different judgm ent 
task (and, indeed, the effects o f  the mismatch manipula­
tions were the same for word and nonword items for both 
subject groups, and the w ord-nonw ord  comparison did 
not interact with other factors). The principal results o f  
both expe r im en ts  may therefore  be p re su m ed  to owe 
nothing to lexical knowledge. Instead, we propose that 
these experiments  tell us about constraints on the per­
ceptual processing o f  tonal information, irrespective o f  
whether or not the listener is accustomed to using such 
information in the course o f  lexical access.
GENERAL DISCUSSION
In three exper im en ts ,  we have ex am in ed  l i s te n e rs ’ 
processing o f  lexical tone information in Cantonese. In
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an auditory lexical decision task, Cantonese listeners were 
significantly more likely to erroneously accept a nonword 
as a real word when the only difference between the non­
word and a real word was in the tonal value o f  the sec­
ond syl lable. Such an error was particularly probable when 
the FO onset difference between the correct tone o f  the 
real word and the erroneous tone on the nonword was 
small, so that the tone distinction was, in effect, percep­
tually hard to make. In a same-different judgm ent task, 
Cantonese listeners w'ere slower and less accurate in their 
responses when the only difference between two sylla­
bles was in their tonal value, and this w'as true whether 
the FO onset difference rendered the distinction between 
the two tones perceptually  easy or perceptually  hard; 
only one perceptually easy tonal distinction produced an 
effect on RTs such that responses were faster when the 
tone differed than when it was the same. Since both the 
syllable onset and the rime (here, a vowel only) had clear 
effects o f  this kind in this task, it appears that only a per­
ceptually easy tonal distinction can be as effective a dis­
criminator as segmental distinctions. In a final experi­
ment, the same-different ju d g m e n t  task was repeated 
with non-native listeners who had no knowledge o f  C an­
tonese and no experience in making lexical tone distinc­
tions. These listeners produced a pattern o f  results highly 
similar to that produced by the native listeners: Responses 
w;ere, in general, slower and less accurate when the only 
difference between two syllables was in their tonal value, 
and only the same perceptually easy tonal distinction pro­
duced a reliable effect on RTs such that responses were 
faster when the tone differed than when it was the same.
This pattern o f  results offers some clarification o f  the 
apparent puzzle provided by the findings summarized in 
the introduction— namely, that although tonal d is t inc­
tions in a language such as Cantonese are pervasive and 
are necessary for successful word recognition, listeners 
are slower and more error-prone in utilizing tonal infor­
mation than in utilizing segmental information. Our re­
sults suggest that many tonal discriminations are simply 
quite hard to make. In speeded-response tasks, the pres­
sure to respond quickly shows the advantage o f  segm en­
tal over tonal information: In some cases, the subjects is­
sued their response before the tonal information had been 
adequately processed.
In Cantonese, as Figure 1 shows, a high proportion o f  
tonal discriminations are hard to make. This is not nec­
essarily true for every tone language; Mandarin, for ex­
ample, has four lexical tones that, at least in comparison 
with Cantonese, must be considered to be relatively dis­
tinct. It would be interesting to ascertain whether  our 
present results would be replicated in full in a language 
such as Mandarin. The results o f  Taft and Chen (1992) 
and o f  Repp and Lin (1990), however, suggest that the 
perception o f  tones in Mandarin and in Cantonese is, in 
fact, not greatly different; recall that the former study 
found that tone differences alone led to difficulty in a 
h o m o p h o n e  ju d g m e n t  task in both these languages ,  
whereas the latter study, in which tone judgm ents  were 
made less rapidly than were segmental judgments ,  was
carried out with Mandarin listeners. Shen and Lin ( 1991 ), 
in fact, describe the discrimination o f  Mandarin tones as 
involving perception o f  the timing o f  the FO turning point 
within the syllable, so that it is clear that at least some Man­
darin discriminations, like Cantonese discriminations, 
cannot be made without a certain accumulation o f  infor­
mation across the syllable.
What,  then, do our results tell us about the role o f  
tonal information in speech perception in this tone lan­
guage? First, it is absolutely clear that the listeners in our 
experiments were paying full attention to the tonal in­
formation and were processing it where and as soon as 
they could; the very highest error rate, for lexical decisions 
in which the difference from a real word involved only a 
percep tua l ly  hard tone d isc r im ina t ion ,  was still only 
around 30%. When distinctive tonal information arrived 
early (e.g., the FO onset points o f  Tone 1 vs. 2 in Exper­
iments 2 and 3), it was processed more efficiently (i.e., 
exercised a clear effect on response patterns) than when 
it arrived late (Tones 4 vs. 5 in Experiments 2 and 3). 
However, our overall pat tern  o f  results  sugges ts  that 
tonal information simply does not usually arrive early. 
Tones are primarily realized upon vowels; therefore, they 
cannot be processed until the vowel information is avail­
able. Tonal information conveyed on a vowel and the 
vowel information itself are unlikely to be processed fully 
independently; classification o f  vowels in CV syllables 
is slower when the pitch o f  the syllable varies than when 
it is held constant, and, likewise, classification o f  pitch 
is slower when the vowel on which it is realized varies 
than when it is constant (Lee & Nusbaum, 1993; Miller, 
1978; Repp & Lin, 1990). Vowels, however, can in prin­
ciple be identified very early; in a CV sequence, the tran­
sition from the consonant into the vowel is enough for lis­
teners to achieve vowel identification (Strange, 1989). In 
a given syllable, then, the order o f  arrival o f  the com po­
nents o f  the syllable (as manipulated in our experiments) 
must be onset, then vowel, then tone.
In fact, we now know that the processing o f  vowels 
is also undertaken with some caution by listeners and 
that vowels in naturally spoken words are regarded as in­
herently  m utab le  in fo rm at ion  sources  (C u t le r  et al., 
1996; van Ooijen, 1994, 1996). The underlying reason 
for this behavior on the part o f  listeners is taken to be the 
fact that the realization o f  vowels in natural phonetic  
contexts is highly variable; as a result, in computation o f  
the lexical access code, listeners assign a lower priority 
to vocalic information than to consonantal information. 
The realization o f  lexical tone in natural phonetic con­
texts is, however, also subject to considerable variabil­
ity. Contextual effects o f  the tone o f  one syllable upon 
the tone o f  an adjacent syllable (tone sandhi) may result 
in intertone distinctions that are quite clear in citation- 
form pronunciations being lost or greatly reduced in con­
text. Thus, we may reasonably expect that listeners would 
exercise caution in processing natural tone information 
and would make contextually dependent tone identif ica­
tions where required (see Speer, Shih, & Slowiaczek, 
1989, for evidence that this is indeed necessary in Man-
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darin). Nevertheless, we believe that our results are sym p­
tomatic o f  a real perceptual disadvantage for the p ro ­
cessing o f  tonal information in comparison with segmen­
tal information.
Other evidence shows that the kind o f  perceptual de­
cision involved in tone processing, even in its simplest 
form, requires a certain accumulation o f  evidence and 
may be more difficult than perceptual decisions about 
vowels. Ritsma, Cardozo, Domburg, and Neelen (1965) re­
ported a direct improvement in accuracy o f  pitch match­
ing as a function o f  increasing duration o f  complex tone 
stimuli. More recently, Robinson and Patterson (1995) 
asked English listeners to classify vowel segments on one 
o f  three dimensions: vowel quality, tone height, or tone 
chroma. Performance was measured as a function o f  stim­
ulus duration. Vowel quality could be reliably reported 
for segments too short for reliable categorization o f  either 
o f  the tone dimensions. At all stimulus durations, m ore­
over, classification o f  vowel quality was significantly su­
perior to classification o f  either o f  the tone dimensions. 
Robinson and Patterson argue that an interactive rela­
tionship between pitch identification and vowel quality 
cannot consist o f  the use o f  pitch information to guide 
vowel quality identification; if such an interactive rela­
tionship exists, it is more likely to be in the reverse direc­
tion. Although the brief  synthetic stimuli used in these 
experiments are an imperfect analogue o f  natural speech, 
the results do suggest that, in a simple perceptual task, 
decisions on the segmental dimension o f  vowel quality 
can be made far more rapidly than can tonal decisions.
In the simple perceptual task we used in Experiments
2 and 3, the results certainly accord with this account. 
When the discrimination to be made was between two syl­
lables differing only in tone, the subjects responded more 
slowly and less accurately. Only perceptually easy tonal 
distinctions had any significant effect such that responses 
were facilitated when tone differed as opposed to when 
it was the same; in contrast, syllable onset and vowel con­
sistently exercised such faci 1 itatory effects. Thus, in this 
task, segmental  in form ation  about vowel quali ty  was 
clearly more salient than was tonal information.
Interestingly, the picture was not quite so clear-cut with 
the other methodology we used, the auditory lexical de­
cision task o f  Experiment 1. Recall that, in that task, a l­
though again the condition in which the input differed 
(from a real word) only in tone was clearly harder than 
the other conditions, there was a greater facilitatory ef­
fect on responses o f  different tone relative to same tone 
than there was o f  different vowel relative to same vowel. 
(Onset, again, had a consistent facilitatory effect.) This 
relative lack o f  an effect o f  vowel is, as we pointed out in 
discussing the results o f  Experiment 1, consistent with 
listener caution in the processing o f  vowel information, 
as revealed by other recent studies (Cutler et al., 1996; 
van Ooijen, 1994, 1996). Our later results, from the s im ­
pler task o f  Experiments 2 and 3, suggest that the d isad­
vantage for vowels is specific to word recognition and 
indeed supports van O o i jen s  (in press) argument that the
disadvantage reflects, in computation o f  the lexical ac­
cess code in spoken-word recognition, a lower priority 
for vocalic information than for consonantal information.
Lexical tone, however, as we suggested in the intro­
duction, does participate fully in the lexical access code. 
Responses in Experiment 1 were more accurate when 
tone differed (from a real word) that when tone was the 
same. In contrast to the situation with lexical stress, speak­
ers o f  a tone language cannot ignore prosodic (supraseg­
mental)  in form ation  about lexical identity. In lexical 
stress languages, the prosodic information per se is usu­
ally redundant, since there are also segmental correlates 
o f  nearly all stress distinctions; thus, the speaker o f  a 
stress language incurs remarkably little cost, and possi­
bly a considerable benefit  in simplification o f  process­
ing, by omitting prosodic considerations entirely from 
computation o f  the lexical access code. In lexical tone 
languages, the cost o f  ignoring the prosodic dimension 
in word recognition would be inordinately high.
Nevertheless, processing the prosodic dimension in a 
language like Cantonese, as the results from all three o f  
our experiments attest, is not a simple matter: tonal in­
formation often arrives later than does information about 
the vowel that bears the tone, and, hence, the processing 
o f  tone can be at a disadvantage in comparison with the 
processing o f  the very segment (the vowel) upon which 
it is realized. In speeded-response tasks such as we used 
in the present study, this temporal delay in the availabil­
ity o f  the information shows up in a significantly greater 
probability that tone will be misprocessed than that the 
segmental dimensions onset and vowel will be mispro­
cessed. In this respect, the situation in lexical tone lan­
guages is indeed similar to the situation in lexical stress 
languages: Information is processed as soon as it becomes 
usable, but prosodic information may reach this state rel­
atively slowly. In lexical stress languages, prosodic infor­
mation may not become usable until more than one syl­
lable o f  a word is heard; in tone languages, it may become 
usable only when more  o f  the vowel that carr ies  it is 
available than is needed for identification o f  the vowel it­
self. In either case, limitations on the usability o f  prosodic 
information arise simply and necessarily from the acous­
tic characteristics o f  speech.
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PROCESSING OF CANTONESE TONE
APPENDIX A 
Word and Nonword Items Used in Experiment 1
3 6
i t
/bok8-si6/
/bok8-si2/
/bok8-sy6/
/bok8-sy2/
/bok8-ji6/
/bok8-ji2/
/bok8-jy6/
/bok8-jy2/
0 '
Ç&1E3Jth\
/syt8
/syt8-
/syt8
/syt8
/syt8
/syt8
/syt8
/syt8
•wa6/
wa4/
wo 6/
wo4/
ha6/
■ha4/
•ho6/
■ho4/
/wui4-jik7/
/wui4-jik9/
/wui4-juk7/
/wui4-juk9/
/wui4-dik7/
/wui4-dik9/
/wui4-duk7/
/vvui4-duk9/
/jip9-
/jip9-
/jip9-
/jip9-
/jip9-
/jip9-
/jip9-
/jip9-
mou6/
mou5/
miu6/
miu5/
lou6/
lou5/
liu6/
liu5/
8 9 10
/tsa4-bui 1/ 
/tsa4-bui3/ 
/tsa4-bei 1/ 
/tsa4-bei3/ 
/lsa4-pui 1 / 
/ tsa4-pui3/ 
/tsa4-pei 1 / 
/ tsa4-pei3/
11
/dzy 1 
/dzy 1 
/dzy 1 
/dzy 1 
/dzy 1 
/dzy 1 
/dzy 1 
/dzy 1
-hau4/
-hau6/
-hai4/
-hai6/
-lau4/
-lau6/
-lai4/
-lai6/
12
m m
/dz
/dz
/dz
/dz
/dz
/dz
/dz
/dz
1-garni /  
l -gam2/ 
1 - g o n 1/ 
l -gon2/ 
1-haml/  
1 -ham2/ 
1 - h o n 1/ 
l -hon2/
/biu2
/biu2
/biu2
/biu2
/biu2
/biu2
/biu2
/biu2
-jin2/ 
-jin 1/ 
-jyn2/
■jyn 1/
-sin2/ 
-sin 1/ 
-syn2/ 
-syn 1/
/SÏ6-
/si6 
/si 6 
/si6 
/si6 
/si6 
/si6 
/si 6
sat9/
sat7/
sap9/
■sap7/
hat9/
•hat7/
■hap9/
■hap7/
/siu3-jung4/ 
/s iu3- jungl /  
/siu3-jing4/ 
/si u3-j ing 1 / 
/siu3-tung4/ 
/s iu3- tungl /  
/siu3-ting4/ 
/si u3-ting I /
/din6-
/din6-
/din6-
/dinò-
/diñó
/diñó
/diñó
/diñó
d a n g l /
dangó/
d o n g l /
■dongó/
•hangl/
■hangó/
■hongl/
■hongó/
/nou5-
/nou5-
/nou5-
/nou5
/nou5
/nou5
/nou5
/nou5
g a n l /
gan2/
•gunl/
■gun2/
•banl/
■ban2/
•bunl/
•bun2/
Note— All syllable markings are from Common Chinese Characters Pronounced 
According to Cantonese (Institute o f  Language in Education, Hong Kong Educa­
tion Department,  1992).
APPENDIX B
Word and Nonword Syllables Used in Experiments 2 and 3
Word Syllables
/ji 1/, / j ¡2/, /jy 1 /, /jy2/, /s i l / ,  /si2/, /sy I/, /sy2/,
/piu4/, /piu5/, /pei4/, /pei5/, /liu4/, /liu5/, /lei4/, /lei5/
Nonvvord Syllables
/te 1 /, /te2/, /ty 1 /, / ty2/, /ge 1 /, /ge2/, /gy 1 /, /gy2/,
/fou4/, /fou5/, /foe4/, /foe5/, /kou4/, /kou5/, /koe4/, /koe5/
Note— All syllable markings are from Common Chinese Characters Pronounced 
According to Cantonese (Institute o f  Language in Education, Hong Kong Educa­
tion Department,  1992).
(Manuscript received July 27, 1995; 
revision accepted for publication April 8, 1996.)
